The impact of cold exposure while crated at a density characteristic of transport (83 kg/m 2 ) was assessed in 12-wk-old turkey hens and 16-wk-old toms. Turkeys (72 toms, 72 hens) were randomly divided into 3 male and 3 female groups: 2 moderate 20
crease (P = 0.070); no differences in Δ blood glucose or HLR were detected. Thigh pH was higher in the -18
• C treatment (hens: 6.39; toms: 6.08) than in both 20
• C groups. Color values (L * , a * , and b * ) were measured 27 h postmortem. In the -18
• C exposed hens, breast L * values were lower, and thigh a * and breast b * values were higher than in both 20
• C treatments. No differences were detected in live shrink, CBT, HLR, or color values among toms. Behavior differences were noted between treatments; more time was spent huddling, shivering, preening, and with feathers ptiloerected in cold-exposed turkeys. Generally, cold exposure resulted in higher live shrink, darker meat with greater redness, and a tendency for CBT and blood glucose to decrease, with larger male turkeys experiencing fewer changes.
INTRODUCTION
In North America, almost all commercial livestock will be transported at least once during their lives. This event can be a significant stressor that may threaten welfare and is an area of economic loss due to animals being dead on arrival, condemnations, and live shrink loss. Production of poultry occurs year-round and a variety of inclement transport conditions may be experienced, including severe cold in the northern U.S. and Canada, where temperatures can range from -40
• C to 40
• C throughout the year (Statistics Canada, 2017) . Though literature on the duration of transport is sparse and aged, turkeys transported in Canada may spend upwards of 13 h in the trailer, likely exposed to ambient conditions for the majority of this time (McEwen and Barbut, 1992) . The domestic turkey, Meleagris gallopavo, is considered susceptible to thermal stress at C 2017 Poultry Science Association Inc. Received March 10, 2017. Accepted August 4, 2017. 1 Corresponding author: trever.crowe@usask.ca high temperatures; however, scant research exists on the effects of cold exposure.
Attempts to protect birds from cold external temperatures during transport via tarps can lead to reduced ventilation within the trailer, which can result in high humidity levels, a central core of high temperatures, and the periphery still only a few degrees warmer than the external temperature (Knezacek et al., 2010; Burlinguette et al., 2012) . Previous research on the effects of cold exposure on poultry during transport has been limited in extent, and almost entirely restricted to broiler chickens. Though some inferences regarding the effects of cold exposure may be made from broiler research, turkeys differ in their size and age at transport, as well as in their feathering and physiology.
Core body temperature (CBT) has a positive relationship with exposure temperature in broiler chickens . Broilers are considered hypothermic when CBT drops below 39.3
• C according to Richards (1977) , with a CBT of approximately 22
• C proving fatal (Sturkie, 1946) . Wet broilers were more susceptible to cold stress than their dry comparators and were found to experience a drop in CBT at 347 temperatures around +8
• C, whereas dry birds could withstand -4
• C without any decrease in CBT (Hunter et al., 1999) . Additionally, the younger, smaller, 1.8-kg broilers were found to experience more severe hypothermia when exposed to temperatures near -8
• C, whereas older 2.6-kg birds tolerated temperatures as low as −14
• C (Dadgar et al., 2011; Watts et al., 2011) . Declining CBT in cold-stressed broilers has also been correlated with blood glucose decreases, and the accompanying depletion of muscle glycogen reserves suggest there is a lack of energy available for sufficient thermoregulation (Dadgar et al., 2011 .
Cold exposure may also result in changes in meat quality in broilers, including increased muscle pH, with darker and sometimes redder meat, though the effects on color and tenderness are not conclusive (Lee et al., 1976; Boulianne and King, 1998; Dadgar et al., 2010; Chan et al., 2011; Dadgar et al., 2011) . Greater water holding properties in turkey and broiler meat (Dadgar et al., 2010 (Dadgar et al., , 2011 Strawford et al., 2011) , along with larger yield, reduced drip loss, reduced cook loss, and improved texture and taste scores for white meat (Fernandez et al., 2002) may also accompany these biochemical changes. Excessively dark meat with a high pH might have the dark-firm-dry (DFD) defect, and odor and shelf life may be negatively affected (Allen et al., 1997 (Allen et al., , 1998 . The point at which meat quality has been observed to decline most noticeably is at exposure temperatures below -14
• C, where DFD incidence reached 60% in immobilized birds (Dadgar et al., 2011) . Cold conditions during transport have also been demonstrated to increase live shrink (Dadgar et al., 2011) , but other contrary evidence attributes this to transport (and the compulsory feed withdrawal) alone (Nijdam et al., 2005; Aviagen, 2009) .
Both hot and cold transport are associated with an increase in physiological markers of poor welfare, including higher mortality (Nijdam et al., 2004 (Nijdam et al., , 2005 . Retrospective analyses have revealed that turkey mortality increases with higher ambient transport temperatures and decreases, to a point, with cooler temperatures. Increases in mortality have been reported when temperatures were between -6 to -2.1
• C compared to when they ranged from -2 to 9.9
• C (Petracci et al., 2006; Machovcova et al., 2016; Di Martino et al., 2017) . Broiler and broiler breeder mortality has also been noted to increase when birds are transported during colder months (October through April) in the Czech Republic, where mean ambient temperature ranged from 7
• C to -3
• C for the analysis period (Vecerek et al., 2006; Voslarova et al., 2007) . Additionally, cyanosis condemnation rates in turkeys were found to increase when transport temperatures were between -9.9 to 0
• C, and further below -10 • C, compared to milder temperatures of 0.1
• C or warmer (Mallia et al., 2000) .
Elevated corticosterone and heterophil-lymphocyte ratios (HLR) have often been used as indicators of chronic environmental, social, and thermal stressors in poultry (Gross and Siegel, 1983; Maxwell, 1993; Zhang et al., 2009 ). Both hot (32 • C) and cold (4 • C) exposure has been demonstrated to elevate corticosterone in male turkeys (El-Halawani et al., 1973) . Broiler chicken HLR has also been demonstrated to increase with heat stress, as well as exposure to cool housing temperatures of 6
• C for 1 d (Gross, 1989; Mitchell and Kettlewell, 1998; Altan et al., 2003; Zhang et al., 2009) .
The effects of cold weather during transport of turkeys have not been determined, despite the potential for detriment to productivity or welfare. To gain an understanding of turkey responses to conditions typical of winter transport in the northern US and Canada, the objectives of this research were to determine the effects of cold exposure while crated on 1. selected physiological and behavioral indicators of thermal stress and welfare, and 2. selected indicators of turkey meat quality.
MATERIALS AND METHODS
All procedures and housing were approved by the University of Saskatchewan Animal Care Committee's Animal Research Ethics Board.
Experimental Design
Three flocks (replicates) of 24 turkey hens each and 3 flocks of 24 turkey toms were used throughout the experiment, for a total of 72 hens and 72 toms. Each replicate of 24 birds was split into 3 treatment groups consisting of 8 birds (in 2 crates of 4 each) exposed for 8 h to 1 of: 20
• C with 80% RH (moderate-temperature, high-humidity group), 20
• C with 30% RH (moderatetemperature, low-humidity group), or -18
• C with uncontrolled humidity, typically ranging between 80 to 100% RH (cold-temperature group). The experimental design was a completely randomized design, with birds randomly distributed into 1 of the 3 treatment groups.
The comparison between the cold and both moderate (20
• C) temperature groups (which served as controls) consisted of a multiple treatment comparison of the 3 treatments, with the replicate unit being a pen (8 birds). The data were analyzed using SAS 9.4 statistics software (SAS 9.4, Cary, NC), using the mixed model procedure. The model was Y = μ + T + e, where Y is the dependent variable, μ is the population mean of the variable, T is the treatment effect (fixed), and e is the random error. A one-way analysis of variance was used to make comparisons, and DDFM KenwardRoger was used to approximate degrees of freedom. CBT data over time were analyzed in the same manner, with a one-way analysis of variance performed for each time point. Means separation was performed using Tukey's studentized range test, and significance was declared at P ≤ 0.05, trends at P ≤ 0.10. Percentage data from behavior observations were log-transformed (log+1) to achieve a normal distribution before significance was tested.
Birds and Housing
All hens were obtained from 1 producer, and all toms from a separate single producer, approximately 1 wk before they reached the intended testing age to allow them to acclimate before crating and exposure to treatment conditions. The birds were transported from the farm of origin in an enclosed, darkened trailer, uncrated; temperature inside the trailer was not recorded. The 24 Hybrid Converter turkeys comprising 1 replicate were randomly split into 3 pens (1 per treatment) on arrival, and the 8 turkeys in each treatment were split between 2 crates on the treatment day. Hens were approximately 12 wk of age at the time of slaughter, and toms were 16 wk of age.
Turkeys were housed at very low densities (6 to 12 kg/m 2 ) in either an unused barn or in the Animal Care Unit on the University of Saskatchewan campus. All birds were provided ad libitum access to clean drinking water and a complete feed obtained from their farm of origin. Lighting intensity was approximately 5 lux for all birds, with 16 h of light and 8 h of dark per 24-h period. The lighting intensity and programs chosen were matched to the hens' and toms' farms of origin. The temperature in both housing units was between 13
• C and 16
• C.
Environmental Chamber
Two climate-controlled chambers were used throughout the experiment, located in the Engineering building of the University of Saskatchewan. The volume of the chambers differed slightly, 21.8 and 18.9 m 3 , and air was continuously moved through the chamber to maintain the selected temperature. During the experiment, each crate was equipped with 4 USB temperature and humidity data loggers (EL USB 2+, Lascar Electronics Inc., Erie, PA), with 2 additional data loggers at the front and rear of the chamber. Conditions were also monitored in real time with the use of thermocouples and a humidity sensor (HM1500LF, Measurement Specialities, Inc., Impasse Jeanne Benozzi, France) affixed to each crate. Temperature deviation from the set point did not exceed ±5
• C in the moderatetemperature treatments, and ±8
• C in the cold treatments. Most of the variation occurred within the first 30 min of loading the birds, and the occasional defrost cycle that punctuated the cold treatment. Humidity in the moderate treatments remained within a range of 10% higher or lower than intended throughout the exposure period, excluding the first 15 min as the chamber stabilized. As mentioned, the RH in the -18
• C treatment was generally between 80 and 100%, but dropped as low as 20% when the door to the chamber was opened to allow inspection of the birds. Air speed was low in both chambers (0 to 0.1 m/s), and light intensity at bird level ranged from 15 to 30 lux, sufficient to allow for behavior monitoring.
Data Collection
Pre-treatment Procedure and Measurements Feed was withdrawn 2 h prior to capture and 4 h prior to climate chamber entry, resulting in a total of 12 h of feed withdrawal at the time of slaughter. Water was provided up until the point of capture and pretreatment procedures. Birds were weighed on a digital hanging scale (BTDFS50-1, Berkley, Columbia, SC, USA), wing-banded (one numbered band on each wing), and assigned an identifying number. Blood glucose was measured via a needle prick to a brachial vein and analyzed by a blood glucose meter (OneTouch UltraMini, LifeScan, Milpitas, CA). Birds were orally administered a miniature data logger (DS1923-F5#, Maxim Integrated, San Jose, CA), which was recovered from the gizzard or crop at the time of evisceration, to record internal body temperature throughout the treatment. Baseline CBT (average during 1-h lairage period) was compared to mean CBT during the last hour of treatment. Average baseline CBT (last 30 min only) were also compared to CBT over the duration of the exposure period, sampled at 10-min intervals. Finally, birds were marked with livestock paint in order to track their behavior throughout the treatment.
Birds were placed into 1 of 2 sex-specific crates, with 4 birds per crate for a density of 83 kg/m 2 , within the standard range for Canadian turkey transport. Each crate was fitted with 4 data loggers (Lascar EL-USB-2-LCD+ data logger, Lascar Electronics, Erie, PA) to record temperature and humidity at bird level. Birds were transported in a partially enclosed trailer approximately 1.5 km from their holding site to the Engineering building. Birds were then given a lairage period in a quiet, darkened room for 1 to 1.5 h prior to treatment, at between 13
• C and 15 • C. Treatment Procedure Two hours after initial capture, the crates containing the birds were moved into 1 of the 2 climate-controlled chambers. The chambers were equipped with video feed to observe bird condition and behavior throughout the treatment and for later analysis. After the 8-h exposure, birds were immediately moved via crates to the processing room for final measurements, slaughter, and processing.
Post-treatment Measurements and Slaughter Procedure Blood glucose concentrations and live weight were recorded according to the same procedures used during the pre-treatment measurements. Live shrink loss (%) was calculated by subtracting this final weight from the initial weight, dividing by initial weight, and then multiplying by 100. Birds were hung on turkey-specific shackles and stunned with an electric stunning knife (VS200, Midwest Processing Systems, Minneapolis, MN) for 30 s on power setting 5 (circa 0.16 amps, 60 Hz AC), or until the wing-droop response or loss of nictitating membrane reflex was observed by the stunner. Birds were immediately exsanguinated by severing the jugular vein, and a blood sample of approximately 4 mL was collected in EDTA (ethylenediamine tetraacetic acid) anti-coagulation tubes and placed on ice. Birds were scalded at 68
• C, mechanically plucked and manually eviscerated. Initial meat quality measurements were then recorded.
Meat Quality Measurements Immediately after evisceration, an initial post-slaughter 5-g breast muscle core sample was obtained from the ventral, upperleft pectoralis major (breast). Core samples were flash frozen in liquid nitrogen and transferred to -80
• C storage until muscle pH testing using a slurry method (Stewart et al., 1984) . Breast muscle pH was also measured near the core sample collection site using a pH probe (Accumet, Fisher Scientific, Ottawa, ON, Canada) with a portable pH meter and accompanying temperature probe (Hanna H1 9025 microcomputer pH meter, North Highlands, CA). Carcasses were then packed in ice singly or in pairs within rubber totes and refrigerated at 4
• C. Approximately 24 to 27 h postmortem, a second core sample was extracted from each carcass for determination of final (ultimate) pH, as shown in Figure 1 .
At 24 to 27 h postmortem, the thigh and upper right breast muscles were allowed to "bloom" by parting the skin and making a long vertical incision in the breast muscle, exposing the inner portion between the major and minor pectoral muscles. The skin ventrally joining the thigh to the abdomen was sliced to allow the femur to lay flat against the table on the same plane as the bird's back. After 30 min of exposure to air, a color measure was obtained from the right breast muscle and thigh using a Minolta color meter (RC-400, Minolta, Ramsey, NJ), as in Figure 2 . Two readings from each muscle were obtained, the second reading after rotating the meter 90 degrees, to account for differences due to muscle fiber orientation. The color readings were converted to a * , b * , and L * color values (redness, yellowness, and lightness).
Previously collected breast muscle core samples were processed by first removing them from freezer storage to partially thaw. Approximately 5 g of breast tissue from the center of the core sample was finely diced, placed in 20 mL of distilled water and homogenized at 14,500 rpm for 30 s (Polytron PT-3100, Kinematica, Lucerne, Switzerland). Immediately after homogenization, the pH was measured, using the electronic probe.
Blood Smear Preparation and Staining A small drop of blood was transferred from each EDTA tube to a glass slide and smeared manually using the 2-slide wedge method. The smears were allowed to dry before staining with Ricca Wright-Giemsa stain and Giordano buffer solution. Smears were stained using the Wright-Giemsa staining procedure supplied by the manufacturer and allowed to air-dry before being stored in slide boxes (Ricca Chemical Company, 2005) . To determine the heterophil-lymphocyte ratio (HLR), slides were viewed and photographed at 1000x magnification using an oil immersion lens. The first 100 leukocytes were differentiated, and the HLR of these 100 was determined by dividing the number of heterophils by the number of lymphocytes. Three counts were performed per slide and averaged.
Behavior Analysis Data were obtained by instantaneous scan sampling at 5-min intervals for the last 4 h of recorded video and audio. Up to 5 s of observations before and after each sampling point was viewed to determine exactly what was occurring at the sampling point (Lehner, 1998) . Behaviors were recorded as the number of birds within each of the 2 crates performing a particular behavior at that moment in time, with pen (containing 8 birds) serving as the replicate unit. All video data were observed by 2 observers to quantify the behavioral activity, and the resulting time budgets were averaged. Data validation was performed on 1 replicate of each treatment (for both males and females) Table 1 . All of the different behaviors observed during the study and their defining criteria. Behavior categories were divided based on position (standing or sitting), and all were mutually exclusive with the exception of panting (Webster, 2000) .
Still
The bird is motionless Active The bird is standing or attempting to rise, and moving feet or wings, changing position, or changing location in the crate Sit at Rest Bird is in the sitting position, motionless with its body contacting the floor of the crate Survey Quick head movements in an alert bird, suggesting visual surveillance of the environment Peck
The beak is used to peck at other birds or objects, including sensors and the floor of the crate Huddle Birds are grouped closely in an area of the crate, with minimal movement OR birds are actively attempting to "burrow" beneath or between other birds Preen
The beak is used to comb through or manipulate any area of feathers on the bird's own body Shiver
The wings or body of the bird quiver repeatedly Ptiloerection
The feathered skin is pulled up to cover the bare neck, feathers are ruffled Head Rest
The head is rested heavily on the floor or slats of the crate, or another bird, panting may occur but the bird does not stand or move Pant
The bird breathes through an open beak (not mutually exclusive) in SAS 9.4 as a paired comparison, using Proc TTest to compare the datasets of the 2 observers; datasets were not significantly different. Each behavior recorded is defined in Table 1 , with some definitions adapted from Webster (2000) . Behaviors were mutually exclusive with the exception of panting, and separate categories were devoted to combinations of behaviors to allow for more detailed data collection. As panting was not mutually exclusive, and behaviors that occurred less than 0.1% of the monitoring period were excluded, time budgets may add up to more or less than 100%.
RESULTS AND DISCUSSION

Physiological Measures
Live shrink, blood glucose decrease, change in CBT, and the HLR are shown for moderate and cold-exposed turkey hens and toms in Tables 2 and 3, respectively. Exposure to -18
• C while crated for an 8-h period had significant impact on the physiology, meat quality, and behavior of turkeys, with more pronounced effects in the smaller and younger female turkeys than in males. Hens exposed to the -18
• C treatment had a tendency (P = 0.07) toward a larger decrease in CBT (−0.61
• C) than hens in the 20 • C 30% RH treatment, where CBT increased slightly from baseline by 0.18
• C. As CBT is homeostatically (and behaviorally) maintained constant, significant deviation from baseline may indicate that thermoregulatory mechanisms have been overwhelmed; however, the magnitude of the effect experienced by hens in these conditions is unlikely to pose a severe health or welfare issue. These results contrast broiler chicken research, where similar, and even less extreme cold temperatures elicited a significant decrease in CBT-the larger size and greater age of turkeys likely plays a role in this difference (Dadgar et al., 2011; Strawford et al., 2011; Watts et al., 2011) . The core body temperatures of toms exposed to -18
• C did not differ from those in either 20
• C treatment. No differences in ΔCBT over time (sampled every 10 min) were detected between treatments for hens (Figure 3) or toms (Figure 4 ), though standard error was relatively high for the magnitude of temperature change observed.
In comparison to the 1.5% live shrink loss experienced by turkey hens exposed to either of the Table 2 . Physiological and meat quality measures taken in turkey hens exposed to 20
• C 30% RH, 20
• C 80% RH, and -18 • C and the p-values for significant differences and trends. 
20
• C treatments, hens exposed to -18 • C had a higher (P = 0.001) mean live shrink of 2.8%. The significantly higher live shrink experienced by cold-exposed hens suggests that these conditions resulted in greater energy expenditure. Though all transported birds experience some live shrink due to deprivation of feed and water, the increased energy demands of thermoregulation in a cold environment can be substantial (SchwartzkopfGenswein et al., 2012) . This additional loss agreed with research on the effects of cold exposure in broilers (Dadgar et al., 2011) and is worthy of attention from both a welfare and productivity perspective-though shrink loss has not been decisively tied to negative welfare, it has a clear impact on the economic value of birds received at the abattoir.
In toms exposed to -18
• C, neither live shrink nor CBT were different from those exposed to 20
• C, indicating that this level of cold exposure did not considerably compromise their live weight productivity or thermal homeostasis. Male turkeys exposed to -18
• C did however have a tendency (P = 0.0764) toward a larger decrease in blood glucose than those in the 20
• C 30% RH treatment, with average decreases of 2.65 mmol/L and 0.59 mmol/L, respectively. Blood glucose concentrations may have some value in indicating changes in metabolic status, and past research has shown that it generally decreases after lengthy transport and the accompanying feed withdrawal (Nijdam et al., 2005) , but this measure was not clearly and consistently affected by exposure to -18
• C. In hens, no • C) over the duration of the exposure period using the last 30 min of lairage data as a baseline.
differences in blood glucose levels between treatments were detected.
Previous studies have found significant effects of stressors in comparing a single measurement of HLR (Beuving, Jones and Blokhuis, 1989) , but no significant differences were detected between turkeys exposed to the -18
• C and both 20
• C treatment conditions, in hens nor toms. This may have been influenced by the lack of baseline HLR values, which limited the usefulness of the data due to large individual HLR variability. The lack of significance may also have been related to the relatively brief exposure period, as HLR changes do not develop immediately after stressors are initiated, and the degree of stress to which the birds were exposed.
Meat Quality Indicators
Initial and Final (Ultimate) pH Hen initial and final pH measures are shown in Table 2 . There was a tendency (P = 0.0767) for hens exposed to -18
• C to have a higher initial breast pH (6.72) than hens exposed to 20 • C 30% and 80% RH, where pH was 6.52 and 6.56, respectively. The final thigh pH (probe method) of hens also differed significantly (P = 0.0045), with a mean pH of 6.39 in those exposed to -18
• C compared to 5.93 and 5.91 in the 20
• C 30% and 80% RH treatments, respectively. The tendency for cold-exposed hens to have a higher initial breast pH is in line with previous research on the effects of cold exposure on broiler meat pH, as is the increase in final thigh pH (Lee et al., 1976 ). These differences indicate that changes in muscle pH were occurring promptly after slaughter, and persisted after chilling in the thigh meat, though no significant differences were detected in final breast pH. Among coldexposed toms, only final thigh pH differed, with birds in the -18
• C treatment having a higher (P = 0.0082) mean pH of 6.08, compared to 5.82 and 5.87 in birds exposed to 20
• C 30% RH and 20
• C 80% RH, respectively (Table 3) .
Color Values Meat color in hens was affected by cold temperature exposure (Table 2) . Thigh meat a * Table 4 . Grouped behavior data (%) in turkey hens and toms exposed to 20
• C 80% RH, and -18 • C and the p-values and standard error; measures are mutually exclusive aside from panting. was significantly higher (more red) in hens exposed to -18
• C, with a value of 14.9 compared to 13.1 and 13.5 in the 20
• C 30% and 80% RH exposed hens. The b * (yellowness) value was lower in the breast meat of cold-exposed hens, with a mean b * value of -3.8 in the -18
• C treatment compared to −2.93 and −2.96 in the 20
• C 30% and 80% RH treatments, respectively. Hen thigh (P = 0.0602) and breast (P = 0.0564) meat also had a tendency to be darker, with lower L * values, in the -18 • C exposed hens than in those exposed to 20
• C 30% and 80% RH. No color differences were observed between toms in the 3 treatments (Table 3) .
Though the evaluation of meat quality is important from a consumer and processing standpoint, it also gives additional information on the biological response of turkeys to thermal stressors. Color values (L * , a * , and b * ) and pH data serve as indicators of changes in the metabolic state of the tissue, and have been correlated with various product quality characteristics such as drip loss, cook loss, toughness, and shelf life (Allen et al., 1997; Fernandez et al., 2002) . The darker and more red-colored, high-pH meat observed in hens was consistent with the effect of cold exposure on broilers, and suggests that some alterations to muscle metabolism had occurred (Lee et al., 1976; Dadgar et al., 2010 Dadgar et al., , 2011 . Decreases in muscle pH and changes in color values after cold exposure occur as a result of reduction in ante-mortem and postmortem muscle glycolysis, which if extensive, can predispose to DFD meat traits. These changes are not generally detrimental to quality or processing, but associated color differences may impact consumer acceptance (Froning et al., 1978; Fletcher, 1999; Mallia et al., 2000) .
Behavior Analysis
Hens Several differences in frequency and type of behaviors were observed between the time-budgets of hens exposed to -18
• C and those exposed to the 20 • C treatments (Table 4) . Cold-exposed hens were observed to huddle together 51.7% of the time (P < 0.0001), preen (4.3%), shiver (5.9%), and ptiloerect their feathers (27.7%) more frequently (P = 0.014, P < 0.0001, and P = 0.001 respectively) than those in the 20
• C conditions, and also spent less time standing and sitting still, 0.1% and 2.9% of time budgets, respectively (P = 0.003, P < 0.0001). In other words, cold-exposed hens favored performing thermoregulatory behaviors over sitting or standing completely at rest. The huddling behavior observed is thought to allow for reduced heat loss by limiting cold-exposed body surfaces, whereas shivering generates body heat directly through metabolic processes associated with muscle movement. Ptiloerection was likely employed to increase the insulative capacity of the feathers and further reduce radiant heat loss. This is consistent with past findings in broiler chickens, turkeys, and other avians, which have demonstrated these heat-preserving behavioral responses to cold exposure (Dietz et al., 1997; Dawson and Whittow, 2000; Strawford et al., 2011) . Preening or feathercombing behavior may have served a similar purpose to ptiloerection of the feathers, though contrary evidence has found reduced preening in red jungle fowl in cold conditions (Sherry, 1981) . Though cold-exposed hens performed a wide range of thermoregulatory behaviors with greater frequency than those in neutral temperatures, these actions were not sufficient to completely avoid physiological effects. Cold-exposed hens did not appear to experience great physical or behavioral distress, but they may be nearing their limit of tolerable exposure conditions for the 8-hour duration which was evaluated.
Toms The time budgets of toms (Table 4 ) also varied between treatments. Huddling behavior occurred more often (P = 0.003) in the -18
• C exposed birds, 30.1% of the time, as did ptiloerection (56.5%), shivering (2.2%), and preening (5.1%), which were observed rarely or not at all in the moderate temperature treatments (P < 0.0001, P < 0.0001, P = 0.021). The differences in behavior between treatments imply that despite the male turkeys' minimal physiological response to cold exposure, some behavioral modifications were necessary to avoid those effects (Dietz et al., 1997; Dawson and Whittow, 2000) . Toms in the 20
• C 30% RH group also tended to spend more time active than those in the -18
• C treatment (4.3% vs 1.6%, respectively; P = 0.078), a behavior which may have been reduced in favor of huddling among the cold-exposed toms. Increased exercise has been demonstrated to increase CBT in quail exposed to both cold (0 • C) and 1.5 m/s airspeed, but not cold and still air (<0.1 m/s) conditions (Zerba and Walsberg, 1992) , such as those experienced by the toms.
Durations of the head-resting behavior also varied between treatments, with higher frequencies observed with increasing temperature or humidity, and no occurrence at all in toms exposed to -18
• C. Toms in the 20
• C treatments also tended (P = 0.074) to pant more (33.8% of the time at 80% RH, 15.9% at 30% RH) than those in the -18
• C treatment, which did not pant at all, indicating that even at 20
• C toms employed heat-coping thermoregulatory behaviors (Dawson and Whittow, 2000) . Time spent surveying and pecking (at other birds or the environment) were not significantly different between treatments.
Moderate-temperature Treatments Two additional behaviors occurred more often in toms exposed to 20
• C 30% RH, which were not recorded at all in hens: panting during approximately 16% of observed time budgets (this behavior was not mutually exclusive), which allows for evaporative cooling (P = 0.006), and resting of the head on the crate or other birds (3.8% of observed time budget, P = 0.039). This latter behavior may be a posture of rest which allows for additional conductive heat loss from the un-feathered, exposed skin of the neck, rather than the more commonly observed head-tucked resting position (Buchholz, 1996) . These behaviors were not expected at moderate control temperatures and suggested that 20
• C was warmer than the thermoneutral range, particularly for the toms, which were indeed housed at approximately 15
• C. These noteworthy differences in behavior associated with warm-temperature thermoregulation, as well as some differences in meat quality, were also detected in the toms exposed to 20
• C and 80% RH. Toms in this group tended to pant more frequently (33.8% of the time, P = 0.074) and displayed more head-resting behavior (33.0%, P = 0.002) than toms in both the −18
• C, where these behaviors did not occur, and more than in the 20
• C 30% RH treatments where panting was observed 15.9% and head-resting 3.8% of the time. Hens demonstrated less than 1% frequency of these behaviors even at 20
• C and 80% RH, though significant differences in panting were not detected between hens and toms in this condition, likely due to a high standard error. Nonetheless, these changes agree with the idea that thermoneutral temperatures for these toms had been exceeded, and heat-reducing behaviors were required to maintain homeostasis. Though meat quality findings were somewhat inconsistent with past heatstress research, where both pH and a * have been generally demonstrated to decrease, behavior differences nonetheless suggest that toms experienced mild heat stress in the 20
• C 80% RH exposure condition (Babji et al., 1982; Sams and McKee, 1997; Dadgar et al., 2010) .
CONCLUSIONS
Physiology and meat quality measures were affected by exposure to -18
• C in turkey hens, but the impact was not severe enough to greatly compromise meat quality. Hen CBT decreased, and live shrink increased, indicating that thermoregulatory mechanisms were reaching their limit, even with additional energy expenditure. In toms, the effects of cold exposure were less dramatic, with males experiencing minimal impacts on physiology and meat quality. The larger size (and associated decreased surface area from which to lose heat) of toms likely plays a significant role, but other factors, such as feathering and metabolic differences, must also be considered. The lack of clear results of cold exposure in blood glucose measurements impedes drawing conclusions, but all birds did experience a decrease as expected during times of energy expenditure, and cold exposure had a tendency to accentuate this effect in toms. Because color measures were only slightly impacted by exposure to these conditions, consumer rejection of products is not very likely to occur on this basis. The limited color and pH changes in toms further indicate a more robust resistance to cold exposure than hens, but both sexes of turkey appear more coldtolerant than broilers.
Despite the lack of significant difference in HLR between treatments, the differences in time budgets occurring with cold exposure suggest that hens were stressed under these conditions. Though the impact on welfare is difficult to quantify, birds experienced discomfort, and disruption of normal behavior. Toms showed similar behavioral responses to cold exposure as hens, with less shivering but more ptiloerection, suggesting their welfare was impacted to a similar degree. Additional research is needed to further understand the effects of wind speed, colder temperatures, and humidity or moisture level during transport, as well as field research which can incorporate variations in trailer microclimate into our understanding of the effects of coldtemperature transport in turkeys.
